Segregated dopants at grain boundary dramatically change the material's mechanical and electrical properties. The knowledge of the behavior of these dopants are therefore key for further material developments. Here, a Zr doped alumina (Al 2 O 3 ) bicrystal was fabricated and the atomic structure of the grain boundary was characterized using scanning transmission electron microscopy (STEM). Zr was found to segregate to specific sites along the grain boundary, which was neighbored by Al columns of weak image intensity. First principles calculations and static lattice calculations revealed that the charge compensating Al vacancies are most stable in Al columns neighboring the location of the Zr sites. Multi-slice simulations of STEM images confirmed that Al columns containing vacancies exhibit a reduction in image intensity. These results indicate that associated Al vacancies strongly influence its atomic site segregation behavior of Zr.
Introduction
Doping oxide materials with impurity ions have been a widespread technique for altering the properties of materials for decades.
1)11) In many cases, a macroscopic change is apparently observed, but characterizing the changes of the structure of the materials on the atomic scale remains a difficult task. Particularly in the case of oxides, it is widely assumed that the dopants segregate to crystal defects (e.g. dislocations and grain boundaries), as they are known to be sinks for impurity segregation. 12) Recently, a number of studies have been performed on unraveling the atomic scale mechanism of dopant segregation to defects in grain boundaries. 4)11) In studying grain boundary doping in oxides, one goal is to develop a general framework for understanding these mechanisms. Because the number of oxides and possible impurities are very large, a wide range of oxide systems must be characterized before this goal can be met. Similarly, the interactions of the same grain boundary must be characterized with different impurities dopants to understand dopant dependent segregation mechansims. We are not aware of any studies that have characterized the same grain boundary for different dopants and thus, here, we focus on the later step.
Recently, the segregation mechanism of Y was determined for an Al 2 O 3 31 tilt grain boundary.
6) It is great interest to study aliovalent dopants as well, and here we investigate the segregation mechanism of Zr in a Al 2 O 3 tilt grain boundary of the same type. As Zr is an aliovalent impurity with excess positive charge in the Al 2 O 3 system, we expect charge compensating Al vacancies to form, and it is of further interest to investigate this charge compensation mechanism on the atomic scale. In this paper, we use Z-contrast imaging in scanning transmission electron microscope (STEM) to image the location of the impurity segregation sites. Then, using static lattice calculations, we relax large supercells containing the Zr-doped 31 grain boundary, and calculate the segregation energy of single Zr ions as well as Zr with an associated Al vacancy at various sites along the grain boundary. Finally, we calculate Z-contrast image simulations to compare our theoretical results with the experimentally obtain ones.
Experimental procedure
Zr is not normally soluble in Al 2 O 3 , and thus, the impurities were introduced during the fabrication of the bicrystal. To accomplish this, two single crystals of Al 2 O 3 were cut to have a relative misorientation angle of 17.9°about the [0001] axis, which is the suitable misorientation for a 31 grain boundary. 6) The two single crystals were joined using diffusion bonding, by heating at 1600°C for 12 h. The procedure to fabricate the bicrystals has been reported in detail eleswhere. 13 ), 14) In the present case, Zr was introduced in aqua by depositing a solution of ZrO(CH 3 COO) 2 (Zr: 0.02 mol/L) on the bonding surface of one single crystal before joining. After joining, TEM specimens were made by cutting slices from the bicrystal, perpendicular to the grain boundary plane. After mechanical polishing, the specimens were thinned to electron transparency using an ion mill. For characterization, a STEM (JEOL-2100F, Co. Tokyo Japan) was used to acquire high-resolution Zcontrast images, using a high-angle annular dark-field detector (HAADF) inner angle radius of ³50 mrad. These collection conditions allow scattering from the relatively light Al ions to be sufficiently detected, while remaining in the incoherent imaging regime. 15) 3. Results and discussion Columns of oxygen do not scatter electrons strongly enough to contribute to the image intensity under these conditions and, therefore, are not seen in the image. The position of the cation columns is nearly identical to the positions observed for the undoped 31 alumina grain boundary in a previous study. 6) Periodic structural units observed along the grain boundary plane consist of a sevenmembered ring of cation columns, as well as a deformed "peanutshaped" unit, also consisting of seven cation columns [ Fig. 1(b) ]. Most notable is the presence of a large number of exceptionally bright columns along the grain boundary plane. As the image intensity in Z-contrast imaging is approximately proportional to the square of the atomic number Z, the large increase in contrast must be due to the presence of the heavy Zr ions that have been introduced at the grain boundary. Using a probe size of ³1 nm, energy dispersive spectroscopy (EDS) confirmed that Zr was confined to the grain boundary plane. We observed two unique periodic sites; one at the edge of the seven-membered ring and the other in the peanut-shaped unit [sites A and B marked by white arrows in Figs. 1(b) and 1(c)] that were very bright, indicating a high concentration of Zr. Another sites [sites 2 and 5 marked by yellow arrows in Figs. 1(b) and 1(c)] were also found to have high brightness but they are not periodically arrayed. Yet, none of these sites correspond to the preferred segregation site for Y doping for the same type of 31 alumina grain boundary, which was the center of the seven-membered ring, namely site 1.
6) Of added interest, there are a number of darker cation columns present along the grain boundary plane that often neighbor one of the two periodically bright columns. In particular some columns are periodically dark [sites af marked by black arrows in Figs. 1(b) and 1(c)]. Reduction in the intensity of Z-contrast STEM images may be caused by the presence of vacancies and/or by de-channeling of the electron probe due to strain or disorder. 16 ), 17) Next we investigated the segregation energies of Zr at various sites at the grain boundary. Using first principles for these calculations as well is ideal; however modeling grain boundaries requires 1240 atoms and thus, less computationally expensive static lattice calculations incorporating the MottLittleton method was used.
18),19) Supercells containing the 31 grain boundary were relaxed using Buckingham-type potentials with potential parameter sets reported by Catlow et al. 20) ,21) The size of region 1 for the MottLittleton method was set to 1.5 nm centered at the Zr site. Segregation energy was estimated by comparing the defect formation energy at the GB with that at the bulk. First the segregation energies of Zr were investigated, without considering associated Al vacancies, by substituting Zr for Al at various sites along the grain boundary [sites A, B, af, and 17 in Figs. 1(c)  and 2(a) ]. The results are plotted in Fig. 2(b) (black squares) and we find that when Zr segregates to the center of the 7-membered ring (site 1), the segregation energy is lowest, which is consistent with the Y doped case. 6) Following these calculations four key Zr segregation sites were picked to investigate the segregation energies of the Zr substitution with an associated Al vacancy defect pair by keeping each Zr substation site the same but changing the location of the neighboring Al vacancy. Site 1 was picked because it had the lowest segregation energy for Zr for all grain boundary sites. Sites A, B, 2, and 5 were picked because these sites were found to have bright intensity in the STEM images. For compensating charge unbalance by doping Zr 4+ . The segregation energy for the site in the center of 7-membered ring (site 1) lowers when Al vacancies are present as well, but it was no longer the most energetically stable site for Zr. In particular, the association of Zr 4+ at site A and V Al 3¹ at site c gives the lowest segregation energy, which is consistent to the STEM image in Fig. 1 that the sites A and c are periodically bright and dark, respectively. On the other hand, although sites 2 and 5 are not periodically bright sites in the STEM image, the segregation of Zr 4+ to those sites is also relatively stable in the present calculation. These discrepancies may be due in large part to the fact that the calculations only accounted for one Zr to a single column. In the experimental case, Zr segregated to multiple columns and thus, we expect that interactions between the associated Al vacancies and the various Zr sites could further reduce the segregation energies to achieve the configuration observed in the STEM images.
To confirm whether the dark contrast of the column relates to the vacancies or not, Z-contrast image simulations were conducted. Since large supercell composed of more than a thousand atoms is necessary for the present grain boundary, we simply used perfect supercell composed of 120 atoms. First, in order to estimate the local relaxation around Zr dopant and Al vacancy and find the most stable site for the formation of Al vacancy in the presence of Zr dopant, we performed first principles calculations using the projector augmented wave method (PAW). 22 ),23) The exchangecorrelation functional was treated by the generalized gradient approximation. 24) Supercells containing a Zr impurity and an Al vacancy at different positions were calculated. The binding energy between the Zr impurity and the Al vacancy was estimated by the same method as a previous study 25) and the resulting binding energies were compared. Figure 3 shows the results of the calculated binding energies of the Al vacancy as a function of distance from the Zr site and the positional relationship between Zr and Al vacancy. The first cation nearest neighbor is located within the same column when viewed from the [0001] direction. The second nearest neighbor site is located in the nearest neighboring column. From the calculations, it is found that an Al vacancy at the second nearest Al neighbor to the Zr containing site has the highest binding energy and is, therefore, the most energetically stable.
Next using the structures relaxed by the first principles calculation, the Z-contrast images were simulated. The most stable ZrAl vacancy model and that without Al vacancy model were selected. In those supercells, the concentration of Zr or Al vacancy at an Al column from [0001] projection is 25%. To simulate the Z-contrast images for both supercells, we employed a multi-slice image simulation method using projected thermal diffuse scattering potentials and convolution with a probe having a spherical aberration coefficient of 0.5 mm. Dynamical effects were not taken into account. The results of the image simulations are shown in Fig. 4 . For the supercell that does not contain an Al vacancy, the column containing the Zr impurity is very bright; however, there is no notable reduction in intensity of any of the neighboring Al columns. On the contrary, for the supercell with the Al vacancy, there is a clear reduction in image intensity for the column containing the Al vacancy itself.
Summary
The STEM images clearly show that the segregation sites for the aliovalent Zr ions are different than the segregation sites for the isovalent Y ions, and since both the first principles and static lattice calculations show that the spatial arrangement of the Zr and Al vacancies should influence the energy of the grain boundary, we conclude that the difference in segregation sites between Zr and Y is due to the influence of the interactions between Zr and the associated Al vacancies. Based on the results from the STEM simulations, it is likely that the some of the dark columns along the grain boundary that were observed in the STEM image are the locations of the preferred Al vacancy formation sites. 
